Abstract
Introduction

48
Goal-directed movements require effective interactions between the brain's somatosensory and motor 49 areas. Recent physiological studies have suggested that such interactions are facilitated by the direct 50 influence of somatosensory areas on motor areas, and vice versa. For example, stimulation of rodent 51 primary motor cortex (M1) influences the physiological state of the primary somatosensory cortex 52 (S1) through a direct pathway from M1 to S1, and this improves sensory processing (Lee et al., 2013 ; 53 Zagha et al., 2013). Likewise, sensory responses and state changes in S1 propagate to M1 (Ferezou et 54 Figure 1B shows the trial design. A white fixation cross centered on a black display was 121 presented throughout the experiment. Participants were instructed to respond as fast as possible to a 122 blue/yellow color change of this fixation cross (defined as the "imperative cue") by pressing either the 123 left-or the right-thumb button, depending on the presented color. Color-response side pairings were 124 counterbalanced across participants. The color of the fixation cross remained blue or yellow either 125 until a response was made or until the maximal time for responding of 700 ms was exceeded. 126
Following incorrect responses (when either the wrong button was pressed or when no response was 127 registered within 700 ms), the fixation cross turned red for 300 ms. To encourage fast responses, a 128 gradually expanding white disk around the fixation cross was presented, indicating elapsed time. After 129 the response (and the feedback) the fixation cross remained on the screen. Therefore, the fixation cross 130 did not mark the onset of a trial. 131
To probe the influence of task-irrelevant stimuli on performance in the speeded button-press 132 task, we presented task-irrelevant tactile, auditory or visual stimuli around the time of the imperative 133 cue to the left or right hand/ear/side of the screen. Because we primarily aimed at comparing the 134 influence of tactile with non-tactile task-irrelevant stimuli, 50% of these stimulus-containing trials 135 contained a tactile stimulus, while the other half contained either a visual (25%) or an auditory (25%) 136 stimulus. Stimulus presence, side, and modality were randomly drawn on a trial-by-trial basis.
6
Crucially, the side of the task-irrelevant stimulus was uninformative about the side of the required 138 button-press, resulting in 50% of the trials in which the side of the task-irrelevant stimulus was 139 congruent with the side of the required button-press, and 50% of the trials in which it was incongruent. 140
Participants were instructed to neglect the task-irrelevant stimuli and to focus exclusively on the color 141 change of the fixation cross. 142
To investigate the time course of the influence of the task-irrelevant stimuli on performance 143 in the speeded button-press task, we varied the interval between the task-irrelevant stimulus and the 144 imperative cue. The task-irrelevant stimulus (which lasted less or equal than 20 ms) would occur in an 145 interval ranging from 1000 ms before to 200 ms after the onset of the imperative cue, with intervals 146 drawn randomly from a uniform distribution on a trial-by-trial basis. 147
As control trials, in 5% of the trials no task-irrelevant stimulus was presented (allowing us to 148 evaluate behavioral performance without task-irrelevant stimuli) and, in another 10%, task-irrelevant 149 stimuli were presented that were not followed by an imperative cue (allowing us to investigate the 150 neural response to these stimuli without contamination by imperative cues and button-presses). 151
Control trials were randomly interleaved with regular task trials. The interval between the last event in 152 a trial and the first event in the next trial (the inter-trial-interval) was randomly drawn between 300 153 and 800 ms, except in the task-irrelevant stimulus-only trials, in which 1500 ms passed before the next 154
event. 155
Hand positioning (being in the close or far configuration; Fig. 1A ) was manipulated block-156 wise and was counterbalanced across blocks. Critically, in the close configuration, the left and right 157 thumbs were very close to each other, whereas in the far configuration they were very far from each 158 other (Fig. 1A) . Accordingly, this manipulation allowed us to investigate whether the influence of the 159 task-irrelevant stimuli (in particular the differential influence between side congruent and incongruent 160 stimuli) depended on the distance between the hands in peripersonal space. 161
Data were collected in two experimental sessions of approximately one hour each. Both 162 sessions were scheduled on a single day and separated by a 15 minutes break. Each session consisted 163 of 16 experimental blocks containing 84 trials. In total, approximately 1200 tactile and 1200 non-164 tactile trials were collected from each participant.
166
Analysis of behavioral data 167
We analyzed two dependent variables: RT and accuracy in the speeded button-press task. For all 168 analyses on RT, we only included trials with a correct response. 169
We estimated the influence of tactile and non-tactile (visual and auditory) stimuli on 170 performance in the speeded button-press task as a function of the interval between the task-irrelevant 171 stimulus and the imperative cue. For this, we employed a sliding time-window approach (as adopted 172 from van Ede et al., 2012). First, we sorted trials based on the interval between the task-irrelevant 173 stimulus and the imperative cue. We then calculated average RT and accuracy scores for intervals 174 within a 250 ms window that we advanced in 12 steps of 100 ms over the interval range from -225 to 175 975 ms (i.e. from imperative cues presented 225 ± 125 ms before the task-irrelevant stimulus to 975 ± 176
ms after this stimulus). 177
For statistical evaluation, we contrasted trials in which the task-irrelevant stimulus occurred on 178 the same (congruent) or opposite (incongruent) side as the side of the required button-press. For our 179 main statistical inferences, we collapsed across all task-irrelevant stimulus-response intervals and 180 evaluated this congruency effect using paired samples t-tests. We also employed two 2x2 ANOVAs to 181 evaluate the interactions between the factors (1) congruency and task-irrelevant stimulus modality 182 (tactile/non-tactile) and (2) congruency and hand position (close/far configuration). In addition, we 183 also statistically evaluated the congruency effect jointly at all tested intervals between the task-184 irrelevant stimuli and the imperative cues. To circumvent the multiple-comparison problem introduced 185 by evaluating the congruency effect at multiple intervals, we made use of a cluster-based permutation 186 approach, as described in Maris and Oostenveld (2007). In short, in this approach, thresholded 187 univariate t-values for adjacent intervals are clustered and collectively evaluated under a single 188 permutation distribution. 189
190
Analysis of MEG data 191
During the experiment, we also collected electrophysiological data using magnetoencephalography 192 (MEG). This allowed us to assess whether the tactile-induced modulation of beta oscillations stimulus window between 150 and 400 ms (the window in which the beta suppression is most 210 pronounced). We made this selection per participant, and always selected 10 left and 10 right somato-211 motor channels. We next used a short-time Fourier transform to calculate the time-resolved 212 modulation of oscillatory power in each channel, and averaged across the 10 channels in each channel 213
cluster. As for the behavioral time courses, we used a 250 ms sliding time window that was advanced 214 in 100 ms steps. To avoid contamination of neural activity induced by subsequent imperative cues 215 and/or responses, we only included time windows after the tactile stimulation for which the imperative 216 cue and the response had not yet occurred. Because we had included control trials in which tactile 217 stimuli were not followed by an imperative cue for 1500 ms, we were able to map the time course of 218 the beta modulation in an uncontaminated way for this sufficiently long interval. Finally, we 219 normalized the power following contralateral tactile stimulation as a percentage change from the 220 power following ipsilateral stimulation (cf. van Ede et al., 2012; 2013) . This resulted in a spatially9 specific metric whose time course could be compared to the time courses of the spatially-specific 222 congruency effects calculated for RT and accuracy. 223
We analyzed time-resolved power both with and without frequency resolution. For the 224 analysis with frequency resolution, we applied a hanning taper to the data before doing the spectral 225 analysis. In contrast, when zooming in on the beta modulation, we used a multi-taper approach 226 (Percival and Walden, 1993) that allowed us to control spectral smoothing and thereby to estimate 227 power in the beta frequency band between 13 and 30 Hz. 228 229
Results
230
To probe whether tactile input automatically facilitates movement at the stimulated effector, we 231 employed a speeded button-press task in which we presented task-irrelevant tactile stimuli at the same 232 (congruent) or the opposite (incongruent) thumb as the thumb of the required button-press (Fig. 1B) . 233
Moreover, to map several properties of this hypothesized influence, we also (1) varied the interval 234 between the task-irrelevant stimulus and the task-relevant imperative cue in order to characterize its 235 time course, (2) manipulated the positioning of the hands to assess its dependence on the spatial 236 separation of the thumbs, and (3) included task-irrelevant congruent and incongruent visual and 237 auditory stimuli to assess its modality-specificity. Because the visual and auditory stimuli served the 238 same control purpose -and because we did not observe significant differences between them -we 239 collapsed across them and refer to them jointly as non-tactile stimuli (but see Fig. 4A ). 240
241
Tactile input automatically facilitates movement at the stimulated effector 242 Figure 2A depicts average RTs as a function of the interval between the task-irrelevant stimulus and 243 the imperative cue, separately for tactile and non-tactile stimuli (blue and red lines) that were 244 congruent or incongruent (solid and dashed lines) with the side of the required button-press. The zero 245 point on the x-axis corresponds to the time of the task-irrelevant stimulus, with negative time points 246 signifying trials in which the imperative cues preceded these stimuli, and positive time points 247 signifying trials in which the imperative cues followed these stimuli. For reference, the open circle on 248 the left represents average RT in trials without task-irrelevant stimuli. 249
Although this is not the main result of this study, it is obvious from Figure 2A Figure 4 . 259
In the current study, we were specifically interested in a more specific type of facilitation that 260 may dissociate between tactile and non-tactile stimuli. For this, we made use of spatially congruent 261 and incongruent stimuli. We reasoned that, while both congruent and incongruent stimuli would have 262 the same "alerting effect", their influences may dissociate by virtue of an additional influence, such as 263 state changes that propagate from somatosensory to motor areas of the brain. Critically, this influence 264 would be expected to occur only for spatially congruent stimuli and only for stimuli that are tactile. In 265 the following, we therefore focused on the reaction time difference between congruent and 266 incongruent stimuli, because this subtraction removed the general alerting effect. 267
Thus, the central phenomenon of this paper pertains to the differential response to spatially 268 congruent versus spatially-incongruent tactile stimuli. As can be seen in Figure 2A , for most tested 269 intervals, RTs are shorter in trials with congruent compared to incongruent tactile stimuli. Collapsed 270 across all tested intervals, this pertains to a 9.8 ± 1.4 ms (mean ± 1 standard error) benefit that is 271 highly significant: t (16) = -7.26, p < 0.001. In comparison, no such congruency effect is observed for 272 non-tactile stimuli (p = 0.23), giving way to an interaction between the factors congruency and 273 stimulus modality that is also highly significant: F (1,16) = 24.9, p < 0.001. 274 Figure 2C zooms in on the time course of this congruency effect and reveals that tactile 275 stimuli facilitate RTs most when presented around the time of the imperative cue, which is on average 276 more than 400 ms before the actual response (given an average RT greater than 400 ms). While this 277 facilitatory influence decays thereafter, it is noteworthy that a significant facilitation is still observed 278 for responses to imperative cues that are presented up to 500 ms after the transient (20 ms) task-279 irrelevant tactile input (significant temporal cluster from -225 to 675 ms; p < 0.005; also indicted in 280 Fig. 2C ). This corresponds to overt responses that are registered on average more than 900 ms after 281 this input. 282 Figure 2B and D depict the corresponding results for accuracy in the speeded button-press task 283 and reveal that congruent tactile stimuli also lead to a higher percentage of accurate responses. In 284 contrast to the RT effect, however, the accuracy benefit appears to last shorter (significant temporal 285
cluster from -225 to 75 ms; p < 0.005; also indicated in Fig. 2D ) and to be present also following non-286 tactile stimuli (albeit to a lesser extent). However, this latter trend did not reach significance and, 287 moreover, did not generalize to an RT effect (despite the fact that the RT effect was far more robust). 288
289
The tactile-induced movement facilitation is independent of the spatial separation of the hands 290
We next evaluated whether the observed tactile congruency effects depend on the spatial separation of 291 the hands. To assess this, we compared the time courses of the tactile congruency effects between 292 blocks in which the hands were held in the close and the far configurations (see Fig. 1A ). As evident 293 from Figure 2E and F, congruency benefits were highly comparable between these different postural 294 configurations, and this was the case for both the RT and the accuracy benefit. In fact, for none of the 295 intervals did we observe a significant interaction between the factors congruency and hand position. 296
297
The tactile-induced modulation of beta oscillations cannot account for the tactile-induced 298
movement facilitation because it follows a different time course 299
Finally, we assessed whether the time course of the tactile-induced movement facilitation (i.e. the 300 congruency effect) might be matched by the time course of the tactile-induced modulation of the 301 amplitude of beta oscillations. To this end, we extracted the time course of this beta modulation and12 compared this to the behavioral congruency time courses. To extract the time course of the beta 303 modulation, for each participant, we selected 10 channels above the left and the right somato-motor 304 cortices based on the topography of the initial beta suppression that was calculated by contrasting 305 responses to left and right tactile stimuli. The grand-average topography of this contrast is depicted in 306 Figure 3A . Following this channel selection, we were able to contrast contralateral with ipsilateral 307 tactile stimulation, which resulted in a spatially-specific measure that could be compared with the 308 spatially-specific behavioral congruency effect. Figure 3B depicts the time-frequency representation of 309 this spatially-specific tactile-induced response and confirms that the modulation of beta band (13-30 310 Hz) oscillations is the most prominent spectral state change in the MEG signal following tactile input. 311
In the following, we will focus on the time course of this beta band modulation. 312 Figure 3C shows the time course of the tactile-induced beta modulation that we aimed to 313 compare to the observed behavioral congruency time courses. Critically, the beta modulation shows a 314 biphasic response (suppression followed by rebound) that is unparalleled by the behavioral 315 congruency effect time courses of both RT and accuracy. Specifically, whereas the influence of tactile 316 input on the amplitude of beta oscillations reverses sign after approximately 500 ms, the influence on 317 RT (Fig. 3D) and accuracy (Fig. 3E) remains of the same sign, i.e. facilitatory. 318
This observation cannot be reconciled with the hypothesis that the beta modulation is 319 responsible for the behavioral congruency effect. There are two ways to demonstrate this, one that 320 explicitly considers the time that is required to interpret the imperative cue, and another one that does 321 not. Starting with the latter, consider imperative cues that were presented during the beta rebound (say, 322 600 ms after the task-irrelevant tactile stimulus). For these trials, as a result of the tactile stimulus, beta 323 amplitude is higher over the contralateral compared to the ipsilateral somato-motor cortices (with 324 contra-and ipsilateral being defined relative to the tactile stimulus). This is the case not only at the 325 time of the imperative cue but also at the time of the subsequent response preparation and execution 326 (given that the rebound persists for at least 500 ms and that the average RT is around 420 ms). As a 327 consequence, for these trials, we expect that responses to congruent imperative cues (made with the 328 motor cortex contralateral to the tactile stimulus) would be slower and/or less accurate than responses 329 to incongruent imperative cues (made with the motor cortex ipsilateral to the tactile stimulus). 330 13 However, even for these imperative cues that occurred during the beta rebound, we observed faster 331 responses to congruent compared to incongruent imperative cues (Fig. 3D) . 332
For our second demonstration, we explicitly take into account that it takes time to interpret the 333 imperative cue before a movement can be prepared and executed. Because of this, the time at which 334 the movement will be most susceptible to non-motor influences (such as brain states induced by the 335 tactile stimulus) will always be after the onset of the imperative cue. We denote this as the time until 336 the maximal motor susceptibility, with time here defined relative to the onset of the imperative cue. 337
For the sake of the argument, assume that the beta modulation does explain the behavioral congruency 338 effect. In this case, the time of maximal motor susceptibility equals the difference in latency between 339 the maximum beta suppression and the maximum behavioural congruency facilitation. Given that the 340 former peaks around 250 ms and the latter around 0 ms, the time until the maximal motor 341 susceptibility is estimated to be around 250 ms after the imperative cue. Now, for imperative cues that 342 are presented from as early as 250 ms after the tactile stimulus, the time of the maximal motor 343 susceptibility (250 ms after these imperative cues) coincides with the beta rebound, which emerges 344 around 500 ms after the tactile stimulus. Nevertheless, also for these trials, we observe a congruency 345 benefit. We thus conclude that the behavioural congruency effect cannot be explained by the tactile-346 induced modulation of beta amplitude. 347
348
Additional analyses 349
Having described our main observations, we now briefly turn to the outcomes of several additional 350 analyses before returning to our main results in the Discussion. 351
First, in previous analyses of the behavioural data, we had collapsed across task-irrelevant 352 visual and auditory stimuli. Figure 4A shows our main behavioural result (the congruency effect on 353 RT) when visual and auditory task-irrelevant stimuli were kept separate. This confirmed that, 354 especially at the interval at which the tactile congruency effect is most pronounced, there is no clear 355 congruency effect following either visual or auditory task-irrelevant stimuli. 356
Second, when comparing the behavioural data to the MEG data, we had evaluated whether the 357 difference in RT following congruent and incongruent tactile stimuli could be accounted for by the 358 difference in beta power following contra-and ipsilateral tactile stimuli. In addition to comparing 359 these spatially-specific measures with regard to the tactile stimuli, we also evaluated whether the 360 general speeding of RT (i.e. the alerting effect) in Figure 2A could be accounted for by non-lateralized 361 modulations of beta oscillations to all stimuli. To this end, we normalized beta power to a pre-stimulus 362 baseline of -500 to 0 ms and evaluated power time courses separately in contra-and ipsilateral 363 channels and following tactile and non-tactile stimuli. As depicted in Figure 4B , beta power was more 364 suppressed following tactile compared to non-tactile stimuli, and this was the case not only following 365 contralateral tactile stimuli, but also following ipsilateral tactile stimuli. Despite this difference 366 between ipsilateral tactile and non-tactile stimuli, responses that were made with the motor cortex 367 ipsilateral to these stimuli (i.e. following incongruent tactile and non-tactile stimuli) showed a similar 368 speeding of RT ( Fig. 2A) . The non-lateralized changes in beta power therefore also do not match the 369 general alerting effect in a straightforward way. We did, however, notice a reduction of beta power 370 over time also for non-tactile stimuli. However, rather than reflecting the general alerting effect, this 371 may also reflect a return to baseline following a response-induced beta rebound in the previous trial 372 (as also suggested by the non-stationarity of the power in the pre-stimulus 'baseline' window). 373
Third, in exploring the neural substrate of the tactile-induced movement facilitation, we 374 particularly focused on beta power, and the reasons for this were outlined in the Introduction. 375
Although we had less clear hypotheses about this, we also analysed event related fields (ERFs) 376 following the task-irrelevant stimuli, and investigated both non-lateralized (CNV-like) and lateralized 377 (LRP-like) components (Fig. 4C) . As for the analysis of beta oscillations, we only included segments 378 in which the imperative cue and response had not yet occurred. Apart from confirming the presence of 379 a clear tactile-evoked ERF (Fig. 4C) , also these time-domain components did not match the time 380 courses of the behavioural movement facilitation. First, although there was an upward drift in field 381 strength following all stimuli (Fig. 4C, left panel) , this was unlikely to be introduced by the stimuli 382 because it already started approximately 250 ms prior to stimulus-onset. It is therefore also unlikely to 383 account for the general alerting effect. Second, when focusing on the difference between contralateral 384 and ipsilateral fields (Fig. 4C, right panel) , no clear LRP-like pattern emerged that could account for 385 the congruency effect time courses observed in behaviour. 386
Finally, the MEG analyses were based on channels that were selected on the basis of the 387 tactile-induced response (Materials and Methods for details) and that were assumed to be sensitive to 388 somatosensory as well as motor-related activity. To confirm the latter, we also evaluated the 389 modulation of power in these channels during contra-and ipsilateral motor responses. As depicted in 390 Figure 4D (right panel), these channels were also highly sensitive to movement-related changes in 391
power. This analysis further confirmed that tactile input and motor output result in highly similar time-392 frequency profiles, in line with the suggestion that these modulations reflect state changes within the 393 same underlying somato-motor network (see van In the current study, we probed the influence of touch on movement using tactile stimuli that 402 were irrelevant to the motor task. However, in everyday life, most tactile input received by the brain is 403 highly relevant to, and produced by, ongoing movement. Hence, the reported facilitatory influence is 404 likely to support efficient integration of relevant touch sensations with ongoing movement. 405
To our knowledge, only a single other study demonstrated that task-irrelevant tactile stimuli 406 facilitate movement (Frith and Done, 1986; experiment II), and that was in the context of a different 407 experimental question. Here, we replicate this observation and extend it in at least two ways. First, we 408 also characterized the time course of this facilitation and observed that it remained facilitatory up to 409 one second after the tactile input. Second, we also assessed the origin of this influence, and we 410 elaborate on this in the following. 411
Whereas the existence of several pathways for somatosensory processing in humans had 412 previously been reported (see Dijkerman and de Haan, 2007) , we were particularly inspired by 413 sources and that only activity in the former source explains the behavioral facilitation. However, as a 498 result of mixing of the signals, activity of this explanatory source may become occluded when the 499 non-explanatory rebound source becomes active. 500
As alluded to previously, several previous studies demonstrated that beta oscillations are 501 that our data do not argue against this interesting relation, but, instead, demonstrate that changes in 503 motor performance (i.c. movement facilitation by task-irrelevant tactile input) are not always 504 paralleled by changes in beta amplitude. 505
In conclusion, the current work has demonstrated a highly robust and spatially-specific 506 facilitatory influence of tactile input on movement in healthy humans. This influence involves an up-507 regulation of lateralized motor readiness that proceeds automatically and that likely contributes to 508 efficient integration of touch sensations with ongoing movement. While the behavioral data favored 509 the involvement of a direct tactile-induced change in the processing capacity of motor areas of the 510 brain, the tactile-induced modulation of beta oscillations (one index of somato-motor state changes) 511
could not account for this behavioral facilitation in a straightforward way. Substantiating the 512 physiological substrate(s) of the tactile-induced movement facilitation therefore remains an important 513 target for future research. 514 515 516
